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Novel results on complex interconnected time-delay systems with single 
phase second order sliding mode control is investigated. First, a reaching 
phase in traditional sliding mode control (TSMC) is removed by using a 
novel single phase switching manifold function. Next, a novel reduced order 
sliding mode observer (ROSMO) with lower dimension is suggested to 


estimate the unmeasurable variables of the plant. Then, a new single phase 


second order sliding mode controller (SPSOSMC) is established based on 
ROSMO tool to drive the state variables into the specified switching 
manifold from beginning of the motion and reduce the chattering in control 
input. Then, a stability condition is suggested based on the well-known 
linear matrix inequality (LMI) method to ensure the asymptotical stability of 
the whole plant. Finally, an illustrated example is simulated to validate the 
feasible application of the suggested technique. 
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1. INTRODUCTION 

In recent years, there has a growing the investigation attention in sliding mode control (SMC) theory 
and application for control systems. The outstanding features of SMC include strong robustness against 
uncertainties and disturbances, computational simplicity, and finite-time convergence. Owing to these 
advantages, SMC has been applied to solve many practical control plants, such as wind turbines, robotic 
manipulator, induction motor drives, and photovoltaic [1]—-[3]. Unfortunately, the SMC suffers from 
undesired chattering phenomenon [4], which is very dangerous for actuators in practical models [4], 
especially for electro-mechanical systems. To reduce this issue, one of the widely used techniques is the 
second order sliding mode control (SOSMC) method, which was first introduced in the 1980s by [5]. This 
method is constructed by treating the derivative of the discontinuous fist order sliding mode controller in the 
traditional SMC (TSMC). Thus, the unwanted high frequency fluctuation phenomenon can be alleviated [6]. 
Although the SMC has the significant attainments [7]—[9], in overall, there are still three missions that should 
be settled for SMC design. These comprise: i) chattering-free: a new SMC is designed by eliminating the 
reaching phase in TSMC so that the complex interconnected systems not only guarantee robustness 
enhancement but also remove the unwanted chattering in control input; ii) unknown exogenous perturbations: 
an upper limit of the exogenous perturbations in practical control systems are difficult to get advance 
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information; and iii) output feedback: a disadvantage of the existing researches is that all variables of the 
plants have to be available. This is invalid in many practical control plants. 

For the above first mission which will weaken the undesired high frequency fluctuation in control 
signal, many studies based on SOSMC approach have been reported in the papers [7], [9]-[11]. A novel 
second-order sliding mode controller with a saturation level was built in [10] for the nonlinear SISO plant by 
using the adding a power integrator technique. In [7], a novel controller was designed by using a fractional 
switching surface for the nonlinear fractional-order systems. By means of the Lyapunov technique, an 
adaptive SOSMC law was investigated in [9] for the nonlinear systems. In [11], a state feedback controller 
with time-varying output constraint and mismatched term for the nonlinear dynamic system was constructed 
by employing power integrator technique. However, these researches did not cogitate the exogenous 
perturbations affected on the plants. This problem is also the second task which will be solved in this paper. 

For the above second mission which will consider the unknown exogenous perturbations, this issue 
has been examined by researchers [8], [12]-[14]. In [12], a second order sliding mode algorithm was 
established to solve the nonlinear plants with disturbances limited by positive functions via a backstepping- 
like technique. Also, this approach, Wu et al. [14] suggested a new controller for systems subject to external 
disturbance. Based on super-twisting, twisting, or homogeneous procedures, Shi et al. [13] proposed a new 
variable-gain fixed-time SOSMC signal for a general class of uncertain nonlinear plants. Liu et al. [8] 
investigated a state feedback controller to solve the asymmetric output constraint problem by employing a 
power integrator and barrier Lyapunov function. Nevertheless, authors in these works assumed that the limit 
of external perturbations is positive function or constant. In addition, most of them require the availability of 
the states of the system, which cannot be ensured in practice because several system’s states may be 
challenging/costly to measure. The limitations will crack in third mission. 

For the above third mission which will perform the output feedback controller design, numerous 
publications of SOSMC laws with output information have been investigated in the research [15]-[17]. 
Koo et al. [15] explored an output-feedback controller based on an observer to stabilize a class of nonlinear 
large-scale plants with an unknown interconnection by employing a Takagi—Sugeno fuzzy typical. In [16], a 
new SMC methodology is stretched to a class of mismatched uncertain large-scale systems with the 
mismatching interconnections and unknown perturbations. However, the norm of system variables is 
bounded by constant. This condition may be difficult to satisfy for many practical systems. In [17], a novel 
direct adaptive fuzzy controller based on an observer was constructed for a certain class of high order 
unknown nonlinear dynamical plants with unmeasurable states. Regrettably, these researches have been 
showed the SOSMC law based on full order observer with large dimension, which rises the calculation of 
burden because of the associated closed-loop plants. Further, these researches only ruminate the small 
systems. This motivated our study to develop decentralized output feedback control scheme for the complex 
interconnected plants. 

Inspired by the above observations, to the best of our knowledge, little devotion has been paid to 
getting the chattering removal and stabilization control problems for the complex interconnected plants with 
unknown time-varying delays and external perturbations, which is still open in the literature. In this work, we 
suggest a reduced order sliding mode observer (ROSMO) based single phase second order sliding mode 
controller for complex interconnected plants which guarantees the robustness enhancement of the plant and 
eliminate the unwanted high frequency vacillation in control input. Besides, in the sliding mode, a sufficient 
condition to asymptotically stabilize the closed-loop systems is given by using well-known linear matrix 
inequality (LMI) method. Finally, by numerical illustration, the rationality of the suggested ideas, methods, 
and measures are displayed. 


2. MODEL DESCRIPTION OF THE PLANT AND PROBLEM FORMULATION 
In this study, we cogitate a class of the complex interconnected plants with unknown time-varying 
delays consisting of L interconnected subsystems modelled as (1), 


X(t) = [Aj + AAE] Ct) + [Aia + AAiag Oxia Ct) + Bilui@) + GCG (), Xia t)] + 
Lisa jæi FijXja (t), 
yi(t) = Cix (t) with xjq = x;(t — di(t)) and x;(t) = x: (t) for — d; < t < 0, (1) 


where x;(t) E R"i, y(t) E R?i,u;(t) E R™i are the system variables vector, the output vector, and the 
control signal, respectively. x;g is a delayed state where d;: = d;(t) is the time-varying delay which is 
assumed to be unknown, nonnegative and constrained in R*; that is, dj: = SUD rent d(t)] < œ. The constant 
matrices A;,Ajq,B;,C; and F;; have appropriate dimensions. A matched nonlinearity of the system is 
indicated by ¢;(x;(t), Xia, t). The symbol y;(t) is a differentiable vector-valued initial function on [—d;, 0]. 
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The mismatched parameter uncertainties of the plant which include AA; (t) and 4A;ia(t) gratify the form 
[4A;(t) AAjg(t)] = [Di2 (x(t), OE; DigXig (X(t), Xia, t)Eia], where Di, Ei, Dia, Eia are known constant 
matrices and %,(x;(t), t), Zia (xi(t), Xia, t) are unknown functions but limited as ||Z;(x:(t), )|| < 1 and 
Zia (x(t), Xia, O) || < 1. To build a novel chattering-free sliding mode controller, we will convert the oriona 
scheme (1) into a new regular form. Based on the attained results in paper [18], we have I; = I; — ES i Eii 
where I; is symmetric matrix with n; X n; dimension and the Moore-Penrose inverse of the Ej; is achieved as 
Ed. In mismatching condition, B+" Du; # 0, where B+ is an null space of the matrix B;. Now, we design a 
single phase switching manifold function for the complex interconnected plants (1) as (2): 


SiE, t) = 6:0: (t), t) + Rici: Ct), t), (2) 


where o;(y;(t), t) = Èi t) — Fii 0) exp(— ait), TWICE), t) = Sixi(t) = Fiyi (t), a diagonal matrix 
R; e R™™i, a, > 0, and ó;(yi(t),t) is the differentiating of o;(y;(t),t). In addition, a matrix S; = 
KiB] (Pl; + B,Q;B? )~* = K;BTT7*, where K; is any nonsingular matrix and the symmetric matrices P;, Q; 
are answers of the LMIs: [;P;l; + B;Q;B7 > 0 and B} (A; [;P,;T; + Qi AT)BE <0. The matrix F; is 
chosen matrix such that S; = F;C; is resolvable. Now, the state transformation matrix [9; 0;]" = M;x; and 
[Via Gia]? = MiXią will be used to convert the complex interconnected systems (1) into a regular form. The 
transformation matrix M; = [B}" K,B/T;"*] and its inverse matrix Mj * = [T,;B7(B}"T;B;)~* B;(S;B;)~1]. 
We replace the transformation matrix into the system (1) as (3): 


8; it) = = [A ii11 + MA iiss 19; (t) + [A ii12 + AAii1210; (t) + [Aina + AÃinialVia (t) 
+Ainza T AÄiirza]Cia (t) + Xi 1jæilFija1 ja (t) ga Fija20ja ©], 
6; (t) = jav [A ii21 + MA ii21}9; (t) + [A ii22 + MA i220; (t) + [A ii21d + AA i214] 9 ia (6) 
+[Aiizza + AAji22a]oia(t) + (S; Bi Dlui (t) + Gj (x(t), Xid» t)] 
+ ye ijsilFije18ja + F; j220;a], (3) 


where 


As PAA = Bi” [A; + D;X;E;]T;BE(BETT;B} +, 

inz + Åi = BE" [Ai Bee ce aa (S;B;)7; 

Aiia1 + AAji21 = = Ki BIT [A; + D,X,E {TBE (BET T,BL), 

Āiz2 + AÃiiz22 = Ki BTT- [A; + D,2;E;]B;(S;B;)™1, 

ÅĀiinia T AAjinia = = Br "[Aia F Dia¥iaEia]T:Bi (BE T;BE , 1 

Åiinza + AÃiinza = = Br "Mia T Dia¥iaEia]Bi (SiB) S; 

Ajizia + AAiizia = KiB Tp [Aia + DiaXiaEia TiBj (BE T:BE O", 

Aiizoa + Aiwa = z K;Bi Tr o + Peet (S;B,)~*, 

Fiju = = Bri K; (7, BE(BETT, Be ee Fiji2 = = B} K;jB:(S;B; Jg 

Ž;j21 = SiKyTiBE(BETT,BE t, Fij22 = SiKijBi (SB, 1 9, = Bt" xi, Via = BF xia. 


Following the results in paper [18], we get AAi: (t) = Aii (t) = AAiji1 g(t) = AAiji21q(t) = 0. Thus, we 
can rewrite as (4). 


9; i(t) = Ain 8; + [Ainz + AAi] + Atia¥ia + liina + A4it12a]%a 
+ Èj- ajæilFija0; jd + Fija20ja] 5 
6; i(t) = az Ajtai 9; + [A22 + AAiiz22]0; + Aiiz1aðia + [Aiza + AA iiz2al9; Oia 
+ (S; Bi Dlui (t) + Gi (x; (t), Xid» t)] T Èj- ijzilFija19ja F Fij22Ga- (4) 


3. MAIN RESULTS 
3.1. A novel reduced-order sliding mode observer construction 

To construct a new chattering-free output feedback SOSMC for complex interconnected systems 
(1), anovel ROSMO will be designed to guess the unmeasurable states of the plant as (5): 


Ô, it) = Āina; (t) + Aiin29% (t) F Āina Ôia (t) + Aiis2a%a (t), (5) 
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where 8; (t) and ĝia (t) are estimation vectors of 9;(t) and ¥,q(t), respectively. The dynamics of its errors 
Fit) = i(t) — 9;(t) and Fia (t) = Pia (t) — Via (t) are governed by the equation. 


Ô) = > Aji; + Aiinra¥ia im DAji12 9; = AAji2a%a + Èj- 1jzilË ij11 ja] 
— Vhs jeil Fir bja + Fij120;a] (6) 


By using (3) and Dene [Fj ba- Fiji Fi i129; jd Tja] = ye =1,j+i [Enba z F iia ~ Fi Gia)> we 
have (7). 


9(t) = BLT A,T,Bt(B2"T, Bi) 8 + Bi” AT; B} (B2"T, Bi) Bia 
—B2T D,5,E,B;(S;B;)~10; — BE Dig Sia (Xia t) Eig Bi (SiBi) Gia 
+ De oa hal y Èj- eala + Fija2Gja]- (7) 


Now, we will propose a new theorem which introduces the upper limit of the error dynamics as: 


Theorem 1. Let @,(¢) be an upper limit of the error 9, 


. And @;,(t) is answer of the form 


i (t) = 6: (t) + EAM BE” Di E:B: (SBD + ÑzillBE” Dia lll Eig B: (SBO NEN 
+ Yia pei Mail Fiaa||[l9:Cll + fall Fell loll} (8) 


where 6; = Amax + &M1illlAiaiall + Fiza] < 0, Amax is maximum eigenvalue of A;;,, and & > 0, fai > 
1, zi > 1,43; > 1. The initial situation &;(0) = all || > 0, where 3;(0) is an initial condition of the 
error. 

Proof of Theorem 1. Surveyed the paper [19], Aj;,, and Ajj;;q are stable matrices. Thus, we have 
llexp[ Aii tll < & exp(Amaxwhere €; > 0. By expressing the (7) to produces: 


5,(¢)|] < expli DIO + f lexplãin t- DI [IAs rallll dca 
vgs Z; (xo DE: B:(S:BA Ilo + BE” Dig Za Cia, €) Bia BS: BO Mlloia (7) 
ye 1 je(Fyulllld all) + Dias pei E lll Gall + [Fizz2llllall) ae, (9) 


Following the Lemma 3 in the study [20], we get ||õal| < 1:|{3;|[, lloiall < failloill, and ||9ial| < H3:||9;| 
with 71; > 1, fz: > 1,73; > 1. Next, the two sides of the inequality (9) are multiplied by exp(—Amax, t) 
and then shift them to the right-hand side term, (9) can be denoted as (10): 


RAO) < © (0) exp|[(Amax, + é fr llAiisall)t] + 

tis Eth exp[(Amax; Bs Efi WA iirall)(t = t)| 

X {BET D MME BSB) II + Fill BET Dia ll lEiaBi(SiB* Wlloi@) II 

+ Dies jei lill Fir lille + faillEazllliol]jdt = @(0), (10) 


where @,(f) is solution of (8). Therefore, we can determine that 15, (0 || < @;(t) for all time. Theorem 1 is 


proved entirely. 


3.2. Design of a single phase second order sliding mode controller 
In this part, a new proposed controller is created based on the suggested observer in the above part. 
Firstly, by using (1) and the transformation matrix M;, differentiating G;(y;(t),f) can be described as (11): 
i(t) = S,AjT,By (Bi T;BE) "0; + S,A;B,(S,B,)~*0; + S;AigT; By (B77T;B7) Via 
= -1 
+ SiAiaBi X (SiB) Gia + (SiB Dult) + Lia jsi SiF ji [T;B} (B}77;B}) Via + 


+ B;(S;B;) oia] +Y; (t) + ai (yi 0) exp( — at), (11) 


where Y; (t) = S;4Au (t)T;BE (B7"T;B;7)*;(t) + S;AAjq (tT; B7 (B77; B7)*8ja(t) + 
S,AAii(t)B;(S;B;)~*o;,(t) + S:AAia(t)B; (SiB) T dia (t) + (SiB) iilt), Xia t). 
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The second order derivative of o;(y;(t), t) is specified as (12). 


6(t) = S,A;T, Bi (BE T;BE) +9; + S;A;B;(S;,B;)~16; + SiAiaTıB (BET T;B;) Dia 
dogs =i al, 
+ SiAiaBi X (SiB) óa + Liha poi SiFji [TBE (BHT BP) Bia + B(S;B)) dial + 
(SiB) lt) +; (t) — a? Yi 0) e xp(— ait). (12) 


Differentiating the switching manifold function (2) and combining the (11), (12), we obtain: 


$i(t) = S;A:T;B (Bi7T;B7)*9;(t) + SiAiBi (SiB) ót) 
+ SiAiaTiBE (BET T;BE) Dia lt) + SiAiaBi (SiB) dia (t) 
+ iat jet SiFji [TB (Bi TBH) Balt) +B; (SB) ‘éia(t)| 
+ (SiBDù Ct) + Åi) + Rid; (yi, t) + [Ria — afē i 0) exp( — ait). (13) 


Secondly, an exogenous perturbation y(t) in (13) is assumed to satisfy the constraint Ga) | < 
YF ot, Cx, |)” ], where r is the perturbation’s order and v,; > 0. In the real control applications, the 
disturbance order r and the constants v,„; in the plant are unknown due to complication of the plant 
configuration. Now, we are in position to show that the system’s trajectories hit the sliding manifold (2) from 
beginning of the motion. With these aims, a new control signal is established as (14): 


u(t) = (SBD Halló] + Si] + Gilli Oll + Bsill&ill + čis 
+K, Dia jei laill Ball OEA + @i) + Az || Fixe lloill] 
+ Vier jeilPai( HO + @;(t)) + Psilai II] 
+K2 Via jail Mill Eal (lô + &;) 
+ fill Frise lllo] +2eilló:l + Bri + WRill|li|| + IR — ellai Oll expC — 
a;t)}sign(s;(t)), (14) 


where @; > 0 and ii Õz2i Õ3i Pai Psi Per Py; are gains of control which will be found later. 


Theorem 2. Study the interconnected system (1) with the proposed controller (14) where the switching 
manifold is demarcated by (2). Then, the state variables of (1) forward to the switching manifold (2) in finite 
time and stay on sliding mode under the controller (14) when scalar gains filling the following settings: 


Pai = [I|S:4:T;BE (Bi TT; Be) Il + Hail SAiaT: Bi (Bi 7:87) * WM Aiiaall + FaillAcsalll, 

Poi = [ISAT Be (BETT BDT + Hall SiAiaTi Bi (B77 7,87) * A 2l] + IBD: 

X |[E:B:(SiBD H + fiaillAii2all + faillBE" DiallllEiaBi SB) Il), Pai = || S;A:B,(S;Bi)~* | 

+ ArillS:AiaBi(S:Bi "ML Pai = FacllSellll ell [484827 BP) || (Asal + Wirral 

~ ‘ms -1 = = 

Psi = Fall Sill| Fell |T B (BTB || M21 + IBE" DilMEB (SB) 

+z; llAiis2all + ğzillBE Dia ll IlEiaBi(S:B) Ml], 

~ =f is . 

Boo = Faall Sill Ful |B S8 || 42 = Ol (15) 


Proof of Theorem 2. We study the positive definite function as V;(s;) = Xi, Ils;0;(t), Oll, where 
Si(yi(t), t) is switching manifold as (2). By differentiating V;(s;) and using the (13), we get (16). 


; i(t) stà “is 

Vi(si) = rear {S;A;T; Bi (Bp T;BE +0;(t) + S;A;Bi(S;B;)*6;(0) 

+ S;AjaT, Bz (Bp "T;B;-)-* x Via (t) + SiAiaBi (SiB) Gia (t) + 
Paija SiFij [T;BE (BE T,BE) jat) + B;(S;BD1 


X dja(t)| + (SBD Ct) + Hilt) + Ridin, t) + [Ria; — a716;(y;, 0) exp(— ait)} (16) 


Rendering to the Lemma 3 of the work [20], we attain |ou Oll < folla ll and [Via Oll Faille Oll 
where fiz > 1, f4; > 1. Besides, following the property of the norm, we achieve ||| < [ÊO] + 5:6). 
Consequently, the first (4) can be modified as (17). 
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MEO] S Mäi MOAN + Aal + BET DAN EBeSB.)* NoN + Aces all ial 
+[Ajiszall + IBE Diall Eia Bi SiBO Nial + Dias jll all + Fiz2lllleall|- aD 


By substituting the suggested controller (14), control gains (15), and (17) into (16), it is obvious that V; < 
-Dh &ills ll, where &; > 0. Thus, the state trajectories of the plant (1) reach the sliding manifold (2) in 
finite time and stay on it. Theorem 2 is demonstrated completely. 


4. STABILITY ANALYSIS OF SLIDING MOTION 
In this part, we are in situation to give a satisfactoriness constraint in LMI such that the closed-loop 
plant (3) in sliding mode is asymptotically stable. Let us create with seeing the LMI: 


Q; Ef Eig XD; XDia 

E; = wih 0 0 0 

Ëa 0 = Ayia) i O 0 <0,i=1,2,...,L (18) 
DIX 0 0 -yh 0 

DEX. 0 0 0 - yb h 


where N; = A} Xi + Xii + YzaXi + FaaiVeiaAiaXiAia + Dias joi lai Fii + iaiki Fia) A; = BpTA,T,Br 
(Bp"T;By)"*, Dy = Be"D, E; = E;T,By(Bp"T;Bz)~*, Aia = Bi" AiaTBi (Bi T:B;)*, Dia = Bi" Dias 
Eig = EjiaT;BE x (B2"T,Bt)1, X; e RG ™D*M—M) is any positive definite matrix, and y; > 0, Yiia > 
0,V2ia > 9, Haai > 1, Japi > 1. Then, we can construct the following theorem. 

Theorem 3. Suppose that the sufficiency constraint (18) has answer X; > 0, the positive constants y; > 
0, Yiia > 0, Yzia > 0, and Fagi > 1, ñ4pi > 1. The manifold function is premeditated by (1). Then, the 
complex interconnected time delay systems (4) restricted to the sliding manifold surface s;(y;(t),t) = 0 is 


asymptotically stable. 
Proof of Theorem 3. The motion dynamics of the complex interconnected systems (3) in the sliding mode can 


be represented as (19): 
o, = n [A; + D; Ži i(x;, t)Ē; J9; + [Aia + DiaXia Xia C)E ial 9ia + Èj- LisilF ij119j al (19) 


where the constant matrices A;, Di, Èi, Aia, Dia, and Ejq are defined in (18). Now, we define a Lyapunov 
function as V = '_, 97 X;9;, where the positive definite matrix X; is demarcated in (18). Derivative of Vwith 
respect to the motion dynamics (19), we get (20). 


V < Din {07 10; + iE] E; + favi Yria Bia bia + Vi XiDiD7X: + ViraX Dia DjaX19;}- (20) 


By using the Lemmas in published researches [20]—[23], the LMI (18) is equivalent to the inequality (21). 


Ni T vik} E; $ RaviVriaE ig Eia a Yi 1%; D; DH Xi + + ViraX DiaDjaX: <0 (21) 


From (20) and (21), we obtain V <0. That is, the sufficiency constraint (18) is gratified, the plant (3) is 
asymptotically stable in the sliding mode. The proof of Theorem 3 is finished. 


5. NUMERICAL SIMULATION 

In this part, we present numerical examples which adjusted from the research [24] to demonstrate 
the advantage of the control structures suggested in this paper. Consider the mathematical model of the 
complex interconnected plants with unknown perturbations composed of two subsystems: 
Subsystem I: nı = 3,m, = 2,i = 1,j = 2, and the dynamics are specified as (22): 


-2 0 -1 -2 02 0 
žı(t) = IE 00 + aaycon( | -1 -1 1 + Abst} a + Juo 
21 0 -2 20 —0.5 
Pees pi A deed 
Fata] +]01 0 0 [rxralnO=Gu(O=[) 9 yJsO, 22 
0.2 0.1 0 


Single phase second order sliding mode controller for complex interconnected ... (Cong-Trang Nguyen) 


4858 O ISSN: 2088-8708 


where the mismatched uncertainties in state matrix and delayed state matrix are respectively 4A,(t) = 
[0 0 1]72,(x,(t),t)[1 1 0] with 2,(x,(t), t) = 0.14 sin(0.1t) and AA,q(t) = [0 1 0)" 244 (x1(t), X14, t) 
x [1 1 0] with 24 Q(x, (t), X1a t) = 0.22 sin(0.1t). The external perturbation input is assumed to be 
WAO) < UVo1 + v11 x1 ll) + v21 (IIx, l)? with UVo1 = 0.12, v41 = 0.32, and U21 = 0.55. 

Subsystem II: nz = 3,m, = 2,i = 2,j = 1, and the dynamics are specified as (23): 


02 0 0 2 -1 0 
X(t) -| 12 0 + sasha | 01-1 + Ade a( +| 1 Juw 
2 1-2 0 a 1 —0.5 
+02 (O.%a tM +/01 0 0 aat) = x(t) =[5 9 e e 
0.2 0.1 0 


where the mismatched uncertainties in state matrix and delayed state matrix are respectively 4A,(t) = 
[0 0 1]72,(x,(t),t)[1 1 0] with 2,(x2(t), t) = 0.28 sin(0.1t) and AAz4(t) = [0 1 0]? 224 (x2 (t), X24, t) 
x [1 1 O]with Zz2a(x2(t), x24, t) = 0.41 sin(0.1t). The external disturbance input is assumed to be 
Ol] < voz + Vi2(x2ll) + vo2(lIx2 11)? with voz = 0.12, v12 = 0.22, and v2, = 0.34. For simulation, the 
initial condition of the two subsystems are x,(0) = x2(0) = [1 —1 2]” and the unknown time-varying 
delay is d(t) = 0.15(1 + sin0.5t) [25]. By using MATLAB software, we have obtained the significant 
results. In particular, Figure 1 shows the time history of the subsystems states in Figure 1(a), and the 
manifold function in Figure 1(b), and the ROSMO in Figure 1(c). Figure 2 displays the time response of the 
observer errors in Figure 2(a), the upper bound of errors in Figure 2(b), and the proposed single phase second 
order sliding mode controller (SPSOSMC) in Figure 2(c). 
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Figure 2. Time response of (a) the observer errors, (b) the upper bound of errors, and (c) the proposed 
SPSOSMCs 
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6. CONCLUSION 

This paper has presented the novel single phase SOSMC scheme, which removes completely the 
reaching phase and uses output variables only, for the complex interconnected plants with unknown 
perturbations. A new single phase sliding manifold function has been proposed such that the robustness 
enhancement of the closed-loop plants is guaranteed, and the desired dynamic response is obtained. The 
ROSMO has been suggested to estimate the unmeasurable state variables for supporting the controller 
design. Based on this ROSMO and Moore-Penrose inverse approach, the new SPSOSMC has been 
considered to cancel the undesired high frequency fluctuation and stabilize the complex interconnected 
systems. Further, by employing the well-known LMI technique, the sufficient condition in the sliding mode 
has been constructed such that the property of asymptotical stability is ensured. Finally, a mathematical 
simulation is executed to validate the effectiveness of the offered method. 
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